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By George P. Wood
SUMMARY

The rate equation for the dissocistion of air, based on simple-
collision theory, and the numerical values of the factors that enter it
are discussed. The rate equation and the conservation equations for &
flowing dissoclating gas are solved for the conditlons (after the adjust-
ment of vibretion is teken into account) behind normal shock waves at
Mach numbers of 10, 12, and 1k. As a result, the process of thermsl
dissociation of air is shown from its initiation to 1ts approach to
equilibrium.

The results are epplicable to a range of densities, and the Mach
number range covers the temperature range between a temperature below
which 1little dissocliation occurs and a temperature gbove which electronic
excitetion and ionization msy have to be taken into account. The distance
required for e moderately large fraction of the oxygen to dissociate
varies widely with Mach number and density, from a fraction of a milli-
meter to hundreds of meters. The dissoclatlon of nltrogen, however, 1s
too slow for much dissociation to occur within a minimum distance of
gbout 20 meters. It has, therefore, been estsblished that, granted the
theory snd the numerical constents used are accurate, the dissociation
of nitrogen cutside the boundary layer cannot have any significant aero-
dynamic effect at any altitude at Mach numbers less than 1k4.

INTRODUCTION

The shock waves that will be produced by flight at the higher hyper-
sonic speeds will result in high sir temperatures that will cause at
least a partial dissoclation of the molecules of air into atoms. This
dissociation represents a heat glink that might conceivably alleviate the
problem of serodynemic heating. On the other hand, the greater thermal
conductivity of atams or the release of heat by the recambination of
atoms on the surface of the wvehicle might eggravate the problem.
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Beceause dissoclation is not en -Instantaneous process but occurs at
a finite rate, 1t follows that a thorough understending of aerodynamic
heating at hypersonic speeds requires same informastion on the rates of
dissociation end of recombinetion. The present peper is concerned with
calculations of the temporal and spatial rates of dissoclation following v
normel shock weves and of the approach to dissocietive equilibrium.

Other avalleble calculations with regard to the rate of dissociation
of air are those presented by Bethe and Teller (ref. 1). The present
calculations differ fram Bethe and Teller's in a number of respects. In
the present paper, the dissoclation process 1s followed fram its Initi-
ation to its approach to equilibrium; wheresis in reference 1, only the
rates at varlous temperstures and the final conditions are given. Bethe
and Teller do not show as such the variation of the degree of dissoclation
or the variation of the state variables with time or distance behind the
shock wave. In the present paper, furthermore, the results of the calcu-
lations are so presented that they spply to a range of air densities;
whereas 1n reference 1, only one density was used, and it was not very
representative of the high altitudes at which hypersonic flight must
occur. Other differences are that a somewhat different equation is used
herein for the rate of dissociation, en equation is derived for the rate
of recombination, and a significantly different value is used for the
dissociation energy of niltrogen.

The present calculations are based on bimple~collislon theory.
Because certain numerical factors cannot be evaluated by this theory but
must be determined by experiment, and because no experiments on oxygen
or nitrogen have been reported, values of these factors have been used
that were based on consideration of the avdileble experimental results
with other gases. Because of the lack of direct experiment and because
rates of dissociatlon may depend to same extent on quantum mechanical
effects that are not taken into account by the simple-collision theory,
the results of the present calculations should be considered tc be uncer-
tain within perhaps two orders of megnitude. This large degree of uncer-
tainty 1s, however, in some cases not important - for example, in the
case in which the calculations show that a signlficant degree of dissoci-

ation does not occur until the air has moved 1£P meters behind the shock
wave. '

The calculations have been made for normsasl shock waves at Mach num-
bers of 10, 12, and 14, which cover most of the range between two temper-
atures. Below one temperature there l1s litfle dissociation, and sbove
the other, electronic excltation and ionization msy have to be taken into
account. The free-stream temperature for all conditions was taken as
300° K. - - ) S

Because adjustment of the specific heats of alr to vibration of the
molecules, following a thermal jump, is & much faster process than the
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process of dissoclation, the effects of this adjustment on the properties
of the alr and on the varisbles of state were calculated and taken into
account as though they were cumplete before the process of dissociation
began.

SYMBOLS
a speed of sound, cm/sec
ALB activation energies, ergs/mole
C15Cp5C35CY constants in the conservation equations
D dissociation energy, ergs/mole
F° free energy, ergs/mole
k Boltzmann's constent, 1.38 x 10=16 _ ©¥88
molecule-°K
specific rat tant for dissociati cm?
kg pecific rate constent for dissociation, ——y——rg——0x
em®
Ky specific rate constant for recambination,

moleculez-sec

Ko equilibrium constant, molecules/cm>

Kp equilibrium constant, atm

M molecular weight, gm/mole

M average molecular weight, gm/mole

g Loschmidt's number, 2.687 X 1019 molecules
a:l:m--c:m3

Ruma Mach number

No Avogsdro's number, 6.02 X 1027 I@iﬁ%@

P pressure, dynes /em?
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T
()
Subscripts:
1

2

steric factor

31 x 107 ST88_
gas constant, 8.31 0 EEEEIGE

time, sec
tempergture, %k

velocity, cm/sec
unspecified molecule or atam

collisions
cm”’ -sec

collision rate,

energy content per molecule divided by kT
energy content per gram divided by p/p
ratic of specific heats

average value of ratlo of specific heats

reduced moleculsr weight, gm/mole

mess density, gm/cmd
molecular diameter, cm
duration of colllsion, sec

concentration, molecules/cmé

free-stream station

NACA TN 3634

station behind shock wave where translation and rotation

are.in equilibrium

station behind shock wave where vibration is in equilibrium

station behind shock wave where dissociation of oxygen 1s

in equilibrium
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5 station behind shock wgve where dissoclation of nitrogen
is in equilibrium
o initial, except for Avogaedro's number and ILoschmidt's number
THEORY

When air passes through a strong shock wave, there follows a conver-
sion of energy of directed translational motion into other manifestations
of energy, such as rendom translation, rotation, vibration, and dissoci-
stion. Because the temperature of a gas depends on the energy of random
translation, when energy is transferred into this manifestatiom, the
temperature of the gas rises. If, at a subsequent time, a portion of the
energy of random trenslaetion is converted into other modes, the temper-
ature falls. Becsuse of differences in the megnitudes of the time
required for the varlous processes to ebsorb their equilibrium smounts
of energy, consldering them to occur separately and consecutively results
in a good approximation. The variation of temperature from its free-
stresm value to its value following esteblishment of thermal equilibrium
cen, therefore, be represented as in the following schematic diagram,
in which different (and nonlinear) scales are used between different
stations: '

(2)
g (3)
‘;g )
5? Station (5)
(1)
Time

Station (1) represents conditions in the free stresm shead of the shock
wave where the tempersture is low enough (300° K for the present calcu-
lations) that vibration of the molecules is not appreciably excited.
Rotation of the molecules is, however, completely excited, and the value
of the ratio of the specific heats y is 1.hk. Station (2) represents
conditions behind but very close to the shock wave where translation

and rotation are sgain in equilibrium, but vibration is Jjust beginning
to be excited. At station (3), vibration 1s fully established, but
dissociation to & first aspproximation is only beginning. At station (L),
sufficlent time has elapsed for the dissociastion of oxygen to reach
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equilibrium; and at station (5), the dissoclation of nitrogen is in
equllibrium and the temperature has reached its equilibrium value.

Adjustment of Trenslation and Rotatlion

Station (2) represents conditions behind but very close to the shock
wave. The thermsl jump across the shock wave throws the translational
and rotational degrees of freedom temporsrily out of equilibrium, but
only a few collisions ere sufficient to establish equilibrium not only
of the transliational but elso of the rotational degrees of freedom
(ref. 1). Station (2) then is taken to b& only a few mean free paths
behind the front of the shock wave. Although the tempersture at sta-
tion (2) 1s high enough for the vibrational degrees of freedam to be
excited, sufficient time (or a sufficient number of collisions) has not
pessed for them to be appreciably excited, end the ratio of the specific
heats remains at Ll.4t.

Conditions at station (2) are, therefore, calculsble by the Rankine-
Bugoniot equations for a normal shock weve &s

T, (1.hNMa,12 - o.e)(o.anMa’lz +1)

T 2

1 o (L.2Mya,1)
P 1.2, 42
-1 -2 = a,1
u o] 2

2 l 1+ O-anda,l ~ (l)
D
2.7 2 _1
B, 6 Ma,1” = ¢

- NMa,l2 + D
NMa,Q - )
a,L - 1

Adjustment of Vibration

Ad justment of the vibrational degrees of freedam occurs between
stations (2) and (3). This process requires a mumber of collisions (or
& time or distance) that is large compared with that required for adjust-
ment of translation and rotation, but is small compared with that required
for esteblishment of dissoclative equilibrium. As discussed extensively
in reference 1, the number of collisions required for the establishment
of vibrational equilibrium of oxygen and nitrogen molecules is very
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difficult to establish accurately on the basis of the current state of
theory and experiment. The estimated values are such (100 at high temper-
atures), however, that the time required is much less then that required
for dissocietion, and neither the time nor the distance required is dis-
cussed further in the present paper. The conditions at station (3) must
be calculated, however, before calculations can be made of the rate of
dissociation.

The change in conditions between stations (2) and (3) is herein
considered to occur in a single step, end conditions at station (3) are
calculated from those at station (2) by means of the three conservation
equations. At station (2), five degrees of freedom f are active, and
the raetio of specific heats is

y=232=10 (2)

Since, at this station, dp'/aT 1is zero,

8" =7_H=3'5 (3)

At station (3), if there were no effects of electronic excitation,
anharmonicity of vibration, interaction between rotation and vibretion,
and stretching due to the centrifugal effects of rotation, the value

of B' would be 4.5. Reference 2 shows, however, that, over the range
of temperature involved herein, the average value of B' for the nitro-
gen molecule is sbout 4.6 and for the oxygen molecule is sbout 4.9.
Accordingly, a value of 4.7 for air was adopted for use herein.

The equetions for conservation of energy, mass, and momentum between
stations (2) and (3) are then, respectively,

2 2

Pz U Pp Yo
ll"75-§+%=3'5§+T=cl (Ll-)
PzUz = Polly = Cp (5)

2 _ 2 _
Pg * Pzlz™ = Py + Py~ = G5 (6)

These three equations cen be solved for pz. From equations (4) and (5),

11-.7po5 + O.5c22 = clp32 (1)
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Fram equations (5) and (6),

From equations (7) an& (8),

clp32 - 1{-.70593 + )-1-.2C22 =0

and

2 2
) l{.."{c3 + th,7c3) - l6.8clc2
2cl

(9)

P3

(Only the positive sign should be used shead of the root in order that
the second law of thermodynamics not be violated.)

The velocity uz is then given by equation (5) and the pressure
P3 Dby equation (6) or equation (4). The temperature Ts 1is given by
the general gas law )

- R .
P3 = ﬁ p3T3 -- (lO)

in which the molecular weight M is 28.8 gm/mole.

Rate Equationg for Dissociation

The principal purpose of the present psper is to calculate conditions
(as functions of time and distence) between stations (3) and (5). In
order to meke these calculations, 1t is necessary to have (1) an expres-
slon for the rate at which dissociation occurs, (2) an expression for the
rate at which recambination occurs, and (3) equations that express con-
servation of energy, mass, and momentum. The present section is devoted
to a derivatlon of the rate equation for dissociation and to a discussion
of the choice of numerical values for the quantities that appear in that
equation. "

The simple physical picture of dissocigtion thet 1s employed herein
is that the gas 1s camposed of dlatomic molecules, that the two atoms

of each molecule are held together by a rather strong binding force, and -

that at station (1), ahead of the shock wave, the temperasture of the gas
is low and the kinetic energy of random motion of the molecule is small
enough that only a very negligible portion of the molecules is dissoclated.



2T

NACA TN 3634 9

At station (3), where the temperature of the gas has been raised consid-
erably by passage through s shock wave, the energy of random translationsl
motion hes been increased enough thet & nonnegligible degree of dissoci-
ation is possible, because in an apprecisble fraction of the collislons
the kinetic energy involved is great enocugh that a collision can result

in bresking of the binding force and in the separetion of a molecule into
two atoms.

The present calculations of the rate of dissociation have been based
on simple-colligion theory. The only other theory that might be consid-
ered is the activated-camplex theory of gbsolute reactlion rates of Eyring
and others (ref. 3). Use of this theory, however, was not practicable
because the potentlial-energy surfaces that are required spparently have
not yet been calculated for oxygen or nitrogen. A fundsmental weakness
of the collislon theory 1ls that camplicated rate processes that involve
importent quantum mechanical effects cannot accurately be described or
predicted except by quantum mechanical or wave mechenical theory. Whether
the dissociatlion of oxygen and nitrogen involves important quantum mechani-
cal effects is not yet known. At eny rate, these effects, if present,
would not be taken into account by the simple~collision theory. The
results of calculations of rates by this theory can, therefore, not be
depended upon to be accurate within samne factor that masy be as large as
one or two orders of maegnitude.

The collision theory postulates that the rate at which molecules
are dissociated into atoms depends on the rate at which collisions occur
in which sufficient energy is transferred. The rate of dissoclation is
customarily calculated as the product of three factors: (1) the rate at
which binery collisions occur, (2) the fraction of these collisions in
which sufficlent energy is involved, and (3) the fraction of collisions
involving sufficlent energy that mctually results in dissociation.

The first of these factors, the rate at which binary collisions
occur, need not be derived herein, as the deviation is straightforward
and is given in several textbooks on the kinetic theory of gases, on

statistical mechanics, and on geseous reactions. The rate, in 991%;§QQE§,
cm’/-gec
at which binary collisions occur between 02 and U molecules, for

example, is

. + o) Mo, + 1/2
%oy = (1?2) (02) (U)(—o'az—U> CoRe (_M—iﬁ) ()

The symmetry factor (1,2) is equal to 1 if the two colliding mole=-
cules are of different specles and is equal to 2 if they are of the same
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species. Immediately behind the shock wave, 79 percent of the U mole~
cules are nitrogen molecules and 21 percent are oxygen molecules. As
dissociation proceeds, the percentage of molecules decreases (oxygen
decreases faster than nitrogen) and the percentege of atoms increases.
The dlameters and the moleculsr weights of the atoms differ from those
of the molecules. The procedure adopted herein is not to write everage
values of concentration, dismeter, and molecular welght for each stage
of the process but to include in the equation a separate term for each
constitutent of the gas. Furthermore, inasmuch as rates of collision
of both oxygen molecules and nitrogen molecules with all specles of
particles are needed, separate equations asre written for oxygen and for

nitrogen:-

Zo, = (02)2(002)2(%cRT)1/ 2<M—(2)—2)l/2 +

o, + 0.\ + 1/2
2(02)(o)<—022—°) (2xmm) M2 ﬁTMO .
2
Oy + O \2 M+ \ /2
2(02) (2) <M) (acrr)'/2 %—2 *
2
Oy + o\ My +M 1/2
2(02) (N)(O_Ee___N) (a.tRT)l/2 ﬁ_N (12)
o
oy + O - + 1/2
g 20000 2
o
2 1/2
2(1\12)(0)<?NL2-‘-£) (2xrT) /2 M::;—;OMO +
2
2 2 1/2/ 2 1/2
(M) (GNE) (2nRT) <@) +
oy, *+ o\ My + )\ /2
2(N2)(N)(-L2—) (amm) | ﬁN_ (13)

2
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The first of several difflculties or uncertainties to be encountered
in the present calculations is now apparent: the exact numerical values
to be assigned to the moleculer diameters are not known. The kinetic
theory of gases enables the effectlve collision diameter for the various
transport phenomena to be calculated from experimental meassurements: for
transfer of momentum, from meassurements of vilscosity; for transfer of
energy, from measurements of thermal conductivity; end for transfer of
mass, from meesurements of rate of diffusion. The results by various
methods do not agree exactly, but usually agree within approximately
10 percent. Kennard (ref. 4) regards the results fram viscosity as prob-
ably the most relisble data with regard to collision diameters. For
this and other reasons to be given presently, the values of o obtained
by this method for molecular oxygen and nitrogen have been used in the
present lnvestigation. The values of o +taken from Chapman and Cowling
(ref. 5) are

3.6 X 100 centimeter

0'02

3.8 x 10-8 centimeter

0‘N2

The datea listed by Chapman and Cowling also show that the followlng
trends are approximately true: For a monatomic gas, o i1is sbout 75 per-
cent aes large as the ¢ for a diatomlic gas of the same molecular weight;
and for a monatomic gas, ¢ 1s about 75 percent as large as the o for
another monatomic gas of twice the molecular weight. On the basis of
these trends, the moleculer diameters for oxygen and nitrogen were
chosen for use here as ' '

o7 2.0 X 10'8 centimeter

2.1 X 10’8 centimeter

N

The following reservations with regard to the choices of o should
be noted. In the first place, the use of a value of ¢ calculated from
measurements of viscosity, which is a momentum-transfer process, can
scarcely be wholly Jjustified in energy-transfer processes. In the second
place, o may be a function of reletive velocities and, consequently,
of temperature. However, the function is unknown because the exact vari-
ation of molecular forces with distance that should be used in calculating
¢ from measurements of viscosity is not known. (The model used in ref. 5
for calculating o was a smooth, rigid, elastic sphere.) One might con-
sider, for exemple, using Sutherland's model for calculeting o, but one
could not really wholly Justify such a refinement.
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The second of the factors that make up the expression for the rate
of dissociation is the fraction of collisions in which sufficient energy
is involved. (Sufficient energy means energy equal to or greater than
the dissociation energy D.) A diatomic molecule has energy of translation,
rotation, and vibration. Dissoclation occurs when the vibrational energy
exceeds & certain value. However, the simple-collision theory does not
tell which of the three forms of energy (or what combination of them) is
important or effective in regard to transfer of energy to vibration of one
of the two colliding molecules. In fact, it 1s customasry (as is done
herein) to ignore the rotational and the vibretional energies of the col-
liding molecules and to consider only thelr translational energy. Even
so, asnother difficulty remains. Two postulates are still clearly possible:
one, that the total kinetic energy due to the relative motion of the two
molecules shall exceed a specified value D, and the other, that the kinetic
energy due only to the relative motion slong the line of centers at the
moment of impact shall exceed D. The second of these postulates is the
one that 1s usually used in calculatlons of gaseous resctions. As many

textbooks show, the Boltzmsnn factor e=D/RT gives the fraction of all
binary collisions in which D is equal to or less than the kinetic energy
of translation due to the component of relative motion thet lies along

the direction of the line of cente¥s at the moment of collision. This 1s
the factor that is used in the present calculations. The first postulate

leads to the factor (é% + l)e‘D/RT as the fraction of collisions in

which the energy of translation is sufficient to cause disscciation. Refer-
ence 1 used this factor with the "1" omitted as a simplification.

There are two reasons why the simple Boltzmann factor e=D/RT  yag
used in the present investigation, in addition to the faect that it is
usually used. One reason is that, when the relative veloclty of trans-
lation of two molecules is broken down 1lnto two components, one along the
line of centers at the moment of collision and the other perpendicular
to that direction, 1t appears that the veloéliy perpendicular to the line
of centers affects principzlly the anguler momentum, or mutual rotation,
of the two molecules; conseguently, only the other component of wveloclty
might affect the vibration of one of the molecules.

. The other reason for the use of the Bolizmann factor is now to be
developed. Usually, or perhaps alwsys, an edditional condition is made
that there is only a probability P and not a certainty that dissociation
will occur in the fraction of collisions in which the energy requlrement
is met. This condition is based on the assumptlon that, in order for the
translational energy of one of the colliding molecules to be transferred
into vibrational energy, some of the possible reletive orientations of
the two molecules are more effective than others. This probeblility P
is, therefore, celled the steric factor. There 1s no wey of estimating
P on the basis of simple-collision theory, so reliance must he placed in
experiment. No experiments, however, have been reported on the thermal



NACA TN 3634 13

dissociation of oxygen or nitrogen. As a matter of fact, experiments do

not actuslly give a value for P but only for the product Po®. Refer-
ence 6 states thet experimental data on the rates of approximstely six
homogeneous, bimolecular, second-order, gaseous reactions can be corre-
lated by the simple-collision theory if the second of the two postulates
gbout kinetic energy is accepted (reaction occurs only in those collisions
in which the kinetic energy due to relative motion along the line of
centers equals or exceeds D), if molecular dlameters of the order of a
few angstroms (that 1s, of the order of those obtained from viscosity
measurements) are used, and 1f the steric factor is taken close to unity.

Furthermore, reference 7 (pp. L70 and 171) shows thet, for several
bimoleculsr reactions, the steric factor P has a value given approxi-
mately by the ratio of the observed rate of reaction & to the calcu-
lated rate of reaction b when the calculstions are based on the Boltzmann
factor, and where

5 x 102 < a< 5 x 10

1k

1x 10 <b<6x 10

A rough spproximation to the average value of P fram this information
is between 1/3 and 1. TFor the present calculations, therefore, the
Boltzmann factor was used, the molecular diemeters based on viscosity
measurements were used, end the value of P was taken as 1/2.

A numerical comparison of the values used in this paper with those
of reference 1 might be of interest. The present considerations have
the rate of dissociation of oxygen proportional to P = 0.5. Bethe and

Teller have the rate proportional to PD/RT where P 0.01.
T, P PD/RT
°g (present paper) (ref. 1)
4,000 0.5 .15
8,000 5 .08

The camparison shows that the rate used in the present calculations is
several times greater than that used in reference 1.

The numerical velues of the dissoclation energles that were chosen
for the present calculations are the latest availaeble and are probably
the best values. The dissociation energy of oxygen has long been accepted
as 117,200 calories per mole. A better value now appears to be 117,960 calo-
ries per mole (ref. 8), and that value was used herein. The dissociation
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energy of nitrogen has long been uncertain. In reference 1, a value
of 182,000 calories per mole was used. Recent evidence (refs. 9 to 12)
indicates that the most probable value is 225,100 calories per mole,
and that value was used in the present calculations.

The rate at which dissociation occurs, in EQ]%P-JLS is given by
cm’-sec
the product of the rate at which binary collisions occur Z and the

ratio of dissociations to collisions Pe~D/RT, mmus,

-D T
- 202) _ 5, e og/* (14

and
d_(N2 "DN Q/RT
- = Zy P 1
ac | Npte (15)
If the values of Z &as glven by equations-(12) and (13) are used, numer-

ical values sre substituted for the various constants, and arithmetical
simplifications are mede, the rate equations (1) and (15) became

- Sé%l = E.zs(oz) + 4.79(0) + 7.1(N2) +
5.19(1\1{[1.15 x 1072 (0T e~59H00/T (16)

and
- _?ﬁ_l = E.l(OQ) + 5.27(0) + 3..85(1\12) +

5.71(1\11]1.15 X 10'12(N2)ﬁ e~115340/T (17)

Rate Equations for Recambination

The purpose of the present section 1s to derive equations for the
rate of recombination of atoms into molecules. These equations will be
used for comparing the ratio of the rates of dlssociatlon and recambi-
nation with the equilibrium constant.
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When two atams combine, a steble molecule is formed only if a portion
of the binding energy is removed by a third body end if momentum is con-
served. In other words, triple collisions are necessary for the recombi-
nation of atoms into distomic molecules. In order to calculate the rate
at which recombination of atams occurs, the postulate is made that recom-
bination can occur in two weys. Two atams cen collide and if, during
their collision, a third body collides with them, recombination may occur.
Or, en atam and a third body can collide and if, during their collislon,
another atam collides with them, recombination of the two atams msy occur.

The method of calculation used herein 1s based on the idea that
triple collisions can be considered as binary collislons between, on the
one hsnd, a colliding pair of particles and, on the other hand, a “third
particle. An equation similar to equation (11) can be written for rate
of collisions. Then, multiplication by the ratlio of recambinations to
collisions (product of steric factor and Boltzmenn factor) gives as the

rate in r&l;cu_les of recombinstion of oxygen atoms, for exemple,
cm’ -sec

2 1/2
d(02) - 2(00)(U) (6002+ cU) (&RT)]-/E(MOO + MU) POO'Ue-A/RT +

dt Mooty )

2 1/2
2(ou)(o)(i’U—;ﬁ) (&tRT)l/ M-%O&) POU_Oe'B/RT (18)

Here, (00) represents the concentration of pairs of O atoms that are

in the act of colliding with each other; and (oU), the concentration of
O and U particles that are in the act of colliding with each other.

The steric factor Pgyq.yp is = measure of the efficlency of U as a

remover of energy and momentum from a pair of O atoms, and POU-O is

a measure of the efficiency of U 1in removing energy and momentum when
U is already in temporary collision with an O atom and the pair is hit
by another O atom. The quantitles A and B are activation energies:
the reaction will not occur if the energies involved do not equal or
exceed. the activetion energy.

Of course, equation (18) is useless until the concentrations of
colliding particles (00) and (OU) are determined. These concentrations

will be considered as equal to the rate at which the colllsions occur
multiplied by the mean duration of a collision. Thus,

(00) = T 50200

(0U) = TouZoy
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By use of an equatlion similar to equation (ll), the following equations
result:

(00) = (0 (0o 2(2nmn) Q(M%)l/ ¢ (19)
and
. o0+ O\2 1/2 + 1/2
(ov) = e-rOU(o)(U)(_0_2_9) (2xRT) (%}—) (20)

These. equations. are considered to give the average concentration of
particles engeged in binary collislons at any given instant.

When (00) =nd (OU) as given by equations (19) end (20) ere substi-
tuted into equation (18), the result is

a(0 2 1/2 1/2
étz) = 2(0)(0)<U)°b2(399_g_fg) (EuRT)(FEQ (:Egagafg) Poo-uTooe T +

2 2 \1/2 1/2 '
h(o)(o)(u)(fg-;-fﬂ> (fQuEf_fg) (EﬂBT)(MﬁogUM?) <M32U;OM?) Poy- ooy /BT (21)

A similar equation can be written for the rate of recambination of
nitrogen atoms. Subsequent to the derivation of these equations, it was
learned that Herzfeld (ref. 13) had used the same concept. Apparently,
it has been customary usually to modify Herzfeld's ideas and to consider
colligions between the third body and each of the two particles that are
in temporary collision with each other rather than to consider collisions
between the third body and the complex as & whole which has been formed
by the two colliding particles. Possibly, the reason has been that it
wes thought easier to estimate the collision dlameter of an atom than
that of two colliding atoms. This usual modification has not been fol-
lowed herein; this is one reason that the equatlions used herein are
slightly different from those given 1n the literature. (See for exem-
ple, refs. 7 (p. 177), 1% (p. 78), 15, and 16.)

Still unevaluated are the activation energles A and B, the sterlc
factor P, and the collision duration 1. Because the potentlal-energy
curve for oxygen, which is well estaeblished, indicates that A 18 zero
for oxygen, end because no reason is kmown why they should be large enough
to have a significant effect, A and B are assumed to be zero. On the
basls of experiments on the recombination of bromine atoms discussed in
reference 14 (pp. 177 and 248), the steric factors for that reaction
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appear to be of the order of 0.0lL. On the basis of experiments on recom-
bination discussed in reference 7 (pp. 179 end 180), the steric factors
appear to have values much closer to unity. The experiments on the recam-
bination of iodine atoms reported in reference 16 indicste average values
for that reaction of approximately 0.25. For the present study, a value
of 0.1 was chosen for both Ppg.yy and Pgy.o-

The mean duration of & collision cen be defined as twice the quotient
of the range of the intermolecular forces and the mean speed of random
translation. In accordance with the discussion in reference 1, a value

of 3 X 10~9 centimeter has been used herein for the range of the forces.

The average speed i1s shown 1n the textbooks to be (BRT/:cu)l/2 cm/sec.
Therefore,

T=6X 10'9(¥%E) seconds (22)

No attempt is made herein to defend the apperent inconsistency of using
e much larger value for the moleculer rasdius o/2 than for the range of
intermoleculer forces. The fact that T as glven by equation (22) prob-

gbly has gbout the right order of megnitude (10'1“ to 10712 second) can,
however, be indicated by a different method. Consider that two atoms
approach each other and that thelr potential energy follows the curve
shown in the sketch:

Potential energy

Internuclear distance

After one vibration, the atoms will again separate, unless their excess
energy is removed by a third body. The duration of thelr conjunction

then cannot exceed one period of vibration, which is sbout lO'lh to

10~15 second. It should be emphasized, howeﬁer, that the value given
by equation (22) is an approximation and cen probsbly be wrong by an
order of magnitude.
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The effective diameters of the temporary particles formed by the
binary collisions were teken as 88 percent of the sum of the dismeters

of the two colliding particles in order to give dismeters that were equal

to those of oxygen and nitrogen molecules. Thus, '

3.6 X 10-8 centimeter

Cog =
o = 5.0 X 10"'8 centimeter
QO 2 N »
Oam = 2.7 X 1.0"'8 centimeter
ON *
o = 5.2 X 10’8 centimeter
0N2 *

UN02 =5.1X 10‘8 centimeter

_ -8
Oy = 3.8 X 10™° centimeter

-8

UNNQ =5,3X 10 centimeter

When substitution is made in the rate equation (21) for v from
equation (22), substitutions of mumerical values are mede for the con-
stants, and numerical simplifications are mede, then the equation for

the rate of recombination of oxygen atoms in LBOIECULEB yooomes the
cm?-sec

following equation:

déza) = 1.73 x_lo-36T1/2(0)2E7.1(02) + 2.4(0) + 19.5(Mp) + 7.6(1@

(23)

Equation (24) 1s a similar equation, similerly derived, for the recom-
blnation rate of nitrogen atoms:

W) -1 x 10760212 [19.8(02) + 8.6(0) + 22.6(1z) + 2

(2k4)

LY
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Comparison of Equilibrium Constants
A partial check on the rate equatlons can be made by comparing the
value of the ratio of the specific rate constants with the value of the
equilibrium constent as celculated by stetistical mechanics.

A specific rate constant kg for the dissociation of oxygen can be
defined by the eguation

-2 o)

A specific rate constant k. for the recombination of oxygen can be
defined by the equation
d(022 o

If, for simplicity, only pure oxygen is consldered, equations (16) and
(23) indicate, respectively, that each rate can be written as the sum
of two retes. Thus,

kg (02) (U) = kq,1(02)" + ka,2(02) (0)
and
1:(0)2(0) = ¥r,1(0)%(0p) + ko, 2(0)

When the degree of dissociation is large, the first term on the
right-hand side of each of the two preceding equations is small compared
with the second term. Therefore, to a good approximation,

Ma_ Fae2
k. kr,2

At equilibrium, moreover, the rates of dissoclation snd recombination
are equal, and, sccordingly,
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But (O)?/%Og) is just the equilibrium constant K.. The more commonly
used equllibrium constant Kp 1s related to K. by the equation

- T
%o " o e

Therefore,

T X0

% " o, krp
and, by use of equations (16) and (23),

1817

% = 59400/ T

Thermodynemics shows that = ”ﬁFO/RT

Ko e . The change in free-energy
JANE can be calculated from spectroscoplic information by means of statis-
tical mechanics. An Iindependent partial check, of sorts, on the presently
derived rate equations is, therefore, possible by camparing the value
of Kp obtained fram the calculated change in free energy and tabulated
in reference 17 with the value of Kp obtalned from the ratio of the
specific rate constants. A comperison is mede in teble I. (The values
taken from ref. 17 were adjusted to take into account the different
value of the dissociation energy of oxygen used herein.)

o}

The last column of the table shows that the ratio of the speclfic
rate constants for oxygen needs to be incressed by a factor of 6:1 to 8:1
for agreement with the equilibrium constant, and for nitrogen by a fac- =~
tor of 9:1. The factor is actually smaller than might be expected. In
reference 18, for exsmple, & factor of about 100 was needed in the ratio
of the rate of dissociation of iodine and of bromine gas calculated by
collision theory to the rate of recombination determined experlimentally
by E. Rabinowitch and W. C. Wood for the equilibrium constant so deter-
mined to.sagree with the known values of the equilibrium constant. In
reference 19, a similar comparlson was made in which new data on the rate
of recombination of iocdine stoms were used and a similar factor (of
about 100 or more) was found to be needed for agreement. (These results
mey possibly serve as additional evidence that the steric factor used
in ref. 1 was much too small.)

Although the factor of 6:1 to 9:1 that is required in the ratio of
the present rate constants may appear to be reasonably smell, the faqt
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should be borne in mind that this factor does not necessarily represent
the uncertainty in the rate constants themselves or in equations (16),
(17), (23), and (24). The rate constants and the rate equations msy be
in error by much larger factors, the errors being partially canceled when
the ratio 1s taken.

Flow Equations for Dissoclation Process

At station (3) (see sketch on p. 5), the dissociation process begins,

and at station (5) it has closely approached equilibrium. Although it

can be shown that at equilibrium the state of a gas does not depend on

the rate of approach to egquilibrium (see ref. l), at any station x
between stations (3) and (5) the state of the gas does depend on the
degree of dissociation at that station. Because the gas is assumed to

be flowing and not stationary, calculatlions of its state at any station x
are to be made not only by use of the rate equations (16), (17), (23),
and ' (24t), but alsc by use of flow equations based on conservation of mass,
momentum, end energy. Such equations are developed in the present section.

The generel gas law for pertially dissoclated air is

p = % oT (25)
where
_ 28(N2) + (W) + 32(02) + 16(0)
N OEICEIORI0 -
and
o = ﬁEB(NE) + 1(N) + 32(0p) + 16(0):' (27)

The equation that expresses conservation of the ratio of number of
nitrogen atoms to number of oxygen atoms, whether the atoms are free or
combined, is :

2(vp) + (W) = B[2(02) + (0)] (28)

Conservation of mess gives

Pu = pguy = Cjp (29)
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The integrated form of the equation of motion 1s
p+ouZ =ps + p3u52 = oy (30)

The equation for conservation of energy is not so easlly written
down but must be derived, as is done in the following discussion. For
example, 1f BNEkT ‘1s the energy content of a molecule of nitrogen,

the internsl energy in the nitrogen molecules in unit volume of air is
BNEkT(N2) and the total internal-energy content of alr is, in ergs/cm5,

le:BNZ(Nz) + ﬁN(N) + Boz(oa) + ﬁo(Oj)]

(The notation used herein dififers fraom thet in reference 2. The quantity
BNQ’ as used herein, has the seme meaning as B(Né) in ref. EJ As

ordinerily concelved, the equation for conservation of energy is written
in terms of unit mess of fluid. Division of the preceding expression
by p then gives the intermal energy content per gram of air:

28(1\12) + 14(N) + 32(02) + 16(0)

The sum of the internal energy of a gram of fluld and its kinetlc energy
of directed motion u2/2 must be constant st all station, except for
the energy that goes into dissoclating the gas molecules, and provided
that the external work done on the gas 18 included in the "internsl
energy” and the work of dissociation is not so included. The energy
that is sbsorbed In dissociating the nltrogen in a unit mass of gas can
be seen to be : T

Dy, (1)

2pN,,

With this dissocletion energy taken into sccount and with the aforementioned
specification of the mesning of g, the energy balance equation is

28(Np) + W(N) + 32(0) + 16(0) T

7 Dy, (W) + Dg,,(0) BT EN2(N2)1 + Boa(oe);_l . Eﬁ - oy = Rey T 31)
eEe(;wa) + (X)) + 32(0p) + 16(0H 28(112)3 + 32(0p), 2

-
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This equation is written as though the quantities p are not functions
of temperature. Reference 2 has a listing of the values of the various
quantities B which shows that comsidering them constant gives a good
approximation over the range of temperatures considered herein. The
average values chosen for the present calculations are

BN2 = 4.6
By = 2.7
5302 =L.9
Bo = 2.6

Furthermore, the values given in reference 2 for the quantities B meet
the specifications mentioned previously: they include the external work
but do not include the energy that is used in dissociation. (Accordingly,
the values of B do not need to be corrected for the different value

of Dy, used herein as compared with the value used in ref. 2.)

Because the rate equations contain only the concentrastions and the
temperature as variables (besides the independent varisble +), and
because the flow equations must be solved simultaneously with the rsaste
equations, the flow equations wlll be reduced to only two equetions
(the two following equations) in terms of the concentrations and the
temperature. The equations of motion and of mass comservation can be
combined. The quantity p is eliminated from equation (30) by means
of the gas law (eq. (25)). Then, u is eliminated by mesns of equa-
tion (29). The quantities M and p are eliminated by substitution
of equations (26) and (27), respectively. The result is

R INo) + (N) + (0o) + (0)]T + Noep” = (32)
ﬁ;[Z 2) ( 29 :] éB(ﬁE) + 1 (N) + 32(02) T 16(0) C3

When u 1s eliminated from equation (31) by means of equetion (29) and
p is eliminated by equation (27), the result is

R [py, (1) + By () + B0 (02) +Ro(0)] No“eg”

+ - -

28(Np) + Lk(N) + 32(05) + 16(0) 2E8(N2) + 14(N) + 32(0p) + 16(0_7_'2
DNQ(N) + DOE(O) =

2@8(}:2) + (N} + 32(05) + 16(0[[ -k

+

(33)
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Solution of Equations

If equations (16) and (23) are cambined to give the net rate of
dissociation of oxygen, if (B@g is eliminated by mesns of equation (28),

snd if equations (17) and (24) are cambined to give the net rate of
dissociation of nitrogen and (Ng) is again eliminated, then

d_ﬁ_)_dge = -[29.9(02) + 18.1(0) + 1.6(Nzl 1.15 % 10"12(02)*1'1/2e"59l’°°/T +

Ea.z(oz) + Lo(o) - 2.&(1%31.73 X 1.0‘56(0)‘2'1'1/2 ' (34)

and

%i&l‘tﬂ = [21.1+(02) + 12.4(0) + 3.8(Nﬂ E.76(02) + 1.88(0) -
0.5(1@1.15 X 10'12T1/26-ll?_3h0/'r _

[106.5 (02) + 52.8(0) - 8.4(M)] 173 x 103622 (35)

If, furthermore, Np is eliminated from equations (32) end (33)
and numericel values are substituted for the constauts, then

6.02 X 10%9¢o?

1.38 X 10'16E+.76(02) + 2.88(0) + 0.5(N_)—JT +

@.61[2(02) + ()]
(36)
and
22.2(0p) + 11.2(0) + Ob(W) . 219X 10°%c,,2 .
68.67[2(0z) + (0)] {68.67E(02) ¥ (ozl}2
56,670(N) + 29,700(0) _ . (37)

68.67[2(02) + (o{l
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For the actual process of camputing the rates of dissoclation, some
simplificetions were made. First, it was known that the dissocistion
of oxygen would be shown to be essentlelly completed before the dissocil-
ation of the nitrogen had hardly begun. Therefore, the camputational
procedure was simplified by camputing separately the dissoclation of the
two gases. The dissociation of oxygen was carried through almost to
completion. Then, with the final conditions for that process as the
initial conditions for the dissociation of nltrogen, the camputation of
the dissocistion process of nltrogen was carried out.

Second, it was known that, until the dissociation was close to
equilibrium, recambination would have an entlrely negligible effect on
the net rate of dissociatlon. Therefore, the computations were greatly
simplified by not using the lest term in equations (34) and (35).

Furthermore, it wes noticed that, beceuse recambinstion was neglected,
the variables could be so modified that the equations would be independent
of the initial density of the air. The rate equations, equations (34)
and (35), without their last terms were mede independent of the initial
density by dividing them by (02) 2, which is proportional to the squere

of the initial density; thus,

(0g)

d

o _ (%), g0 L0)
a[ow] LI R R

1.6 AN |1, 15 x 10712 ©2) 7L/ 2¢-59400/T (38)
O2) (©2)o

(M)
%), ©2) | oy (0 .58 @[
G T - M R o 6

1.88 L0 _ 0.5 z@)— 1.15 x 10~1271/2-113340/T (39)
(02), 02) 4 '

For the present camputations, (N) in equation (38) and (02) in equation (39)
were taken equal to zero.
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The flow equations (egs. (36) and (37)), in which both the concen-
trations and the constants co and c3 (but not ch) are proportional

to the density, were made independent of the initial density in a similer
menner; thus, '

0
1.38 x 10~0|1.76 ©2) , 588 (0 4 o5 (K |n,

(%2)o (02), (02)0

2
c
6.02 x 10°0 —2

(02 o

e F
o) . (o) | (%)
68.67[2 (%3; + (ézr;l 0

(ko)

56,670 + 29,700 -(———

Tn the actusl calculations, the initisl conditions were taken to
be those et station (3). Thus, :

(02), = (02)3

Because of the aforementloned modifications to the equations,
the results of the solution of the equatiSEs for & given value of Tg
are spplicable for a8ll initial densities and can be shown by a single
plot (for each Tg) for all densities, with the following reservation
being kept in mind. The recombination terms that were omitted from
equations (38) end (39) are proportional to a higher power of the con-
centretion than are the dlssociation terms. Consequently, &t high den-
sities, equilibrium between the two rates occurs at a smaller degree of
dissociation than at low densities. Therefore, &t high densitles,

x
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dissoclation does not continue until the concentration of Op (or of Ng)

approaches zero. This reservation, that the results as calculated can be
expected to become inaccurate at a value of the time parameter (02)0t

thet depends on the initial density, is discussed further in "Results
end Discussion."”

The computations consisted of a simultaneous solution of equations (38)
(+0), and (k1) and a simultesneous solution of equations (39), (40), and
(41). The computations were made on a modified Reeves Electronic Analog
Computer. The uncertainty in the results due to anslog-computer error is
believed to be less than 5 percent. '

In order to calculete the Mach number at station (4), where the
dissociation of oxygen is complete, the speed of sound was taken as

- ()"

where M is given by equation (26) and %, the average specific-heat
ratio, is

= _ B
7= oT

if the rate of change of degree of dissoclatlion with density can be neg-
lected, as it can be here. If the dissocistlon of oxygen is complete,
then, by equation (28),

By, () + Bo(0)
" Pz - () * (o - D

;-l-{—g- BNg + Bo

Z%(BNQ -1+ (Bo- )

Therefore,

7 = 1.35

and

a= 2,170Tl/2 cm/sec
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RESULTS AND DISCUSSION

Adjustment of Translation, Rotation, and Vibration

The results of the computations of the changes in the state of the
gas due to the adjustment of translation, rotation, end vibration behind
the shock weve sre shown in table II for three values of the free-stream
Mach number. Conditions behind the shock weve after adjustment of mole-
culer tremslation end rotation were calculsted by use of equations (1).
Conditions after adjustuient of molecular vibration were calculated by
use of equations (5), (6), (9), end (10). The large drop in temperature
due to the transfer of energy into vibration is to be noted.

The concentration of oxygen molecules after the completion of these
adjustments (02)3, which is teken as the initial concentration at the

beginning of dissoclation (02)0, cen be calculated for e glven free-
stream density by the equation

pr P

= 132

(02)5 = 438 x 102 2 £,
271

which wes obtalned from equations (27) and (28).

Adjustment of Dissccilation

The results of the computations of the dissociation process are shown
in teble II and flgures 1 and 2. Figure 1 shows the course of the disso-
clation process of oxygen for three values of the temperature et sta-~
tion (3) (three values of the free-stream Mach number). The fact that the
time rate of dissoclation depends greatly on the temperature 18 clear
from an examination of the change in the magnitude of the horizontal
scales in figure 1 as the initial temperature is changed. The cooling
of the gas due to dissoclation is shown by the curves of T. The fact
that the process takes place at nearly constant pressure is shown by
the curves of pressure ratio. The increease in the density of the gas,
due to cooling as dissociation proceeds, is ghown by the curves of den-
sity ratlo. The density ratio is less, however, than the inverse of
the temperature ratic, because the molecular-welght ratic decreases as
the degree of dissociation increases. :

In figure 1(a), especlally, the degr@e of dissociation at

6.4 x 10W+ molecule-sec jg greater than might appear at first glance
cm
because of the density increase. The value of (02>/(02)0 is 72 per-

cent, but the degree of dissociation of oxygen is not 100 - T2, or
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28 percent; but, because the demsity has incressed by the ratio 1.26, the
degree of dissociation of oxygen is 100 - 57, or 43 percent.

Figure 2 shows the dissociation process of nitrogen for a free-stream
Mach number of ik. (The conditions &t t = 0 in fig. 2 were obtained by
extrapolation of the curves of fig. 1(c) to complete dissociation of
oxygen.) The much lower speed of the dissociation process of nitrogen
compared with that of oxygen is obvious from & comparison of the horizon-
tal scales of figures 1(b) and 2 since both processes begin at approxi-
mately the same temperature.

The choice of varlable for the horizontal coordinate of figures 1
and 2 implies that the results shown in these figures apply at all air
densities, as they do with the following exceptions: In obtaining the
results shown, the recombination process was neglected. Because the rate
of recombination (the "rate" referred to is defined subsequently in this
paragraph) is proportional to the density and the rate of dissociation is
independent of the density, recombination at high densities cannot be
neglected over the entire extent of the curves. The upper limit of the
density for which the results as shown are applicable can be determined
by comparing the rates of dissociation and recombination as given by the
equations developed in the present paper for conditions at the right-hand
end of the curves in the figures, and by determining. the density at which
the rate of recombination becomes as large as, for example, 10 percent of
the rate of dissociation. In the comparison shown in teble IIT, the rate
of recambination of oxygen was divided by 6.8 for a temperature of 6,560° K,
8.1 for a temperature of 4,630° K, end 8.9 for a temperature of 3,450° K;
and the rate of recombination of nitrogen was divided by 9 in order to make
the ratio of the specific-rate constants asgree with the equilibrium con-
stant. (See the section entitled "Comparison of Equilibrium Constants.')
The rates glven for oxygen in tsble III refer to the absolute value of the

quentity
a L02)

(°2),
d[(oz)ot]
and for nitrogen the rates refer to the abgolute value of the quantity

Lg (W)
2 ani

a [(02) oﬂ

The limiting value of (02)0 is so chosen as to make the rate of recoin-
bination about one-tenth the rate of dissocistion at the right-hand end
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of the curves. The limiting density @, (or p5) corresponds to the

limiting concentration (02)0, end the limiting density p,; is the free- 3
stream density that results in the density p, at station (3). The
limiting altitude, the density altitude corresponding to the limiting Pys .

was taken from table IL of reference 20. —

Another check on the upper limit of the density for which the full .
extent. of the curves is appliceble can be obtained from teble 5 of refer-
ence 17 which gives the equilibrium composition of alr as a fumction of =~
pressure. The table is & rather rough epproximation for the present -
application because it was calculated for equilidbrium of both the oxygen
and the nitrogen dissociations, whereas equilibrium was not reached in
the present calculations nor, when the dissociation of oxygen was calcu-
lated, was the dissociation of nitrogen included. Nevertheless, use of
table 5 of reference 17 gives estimated altitudes that are qualitatively
in agreement with those shown in table IIT of the present paper.

The limiting altitudes shown in table III apply, as mentioned, at
the ends of the curves (except for the bottom row of the table). The
curves of figure 1 at smaller (less than full—scale) values on the hori-
zontel axis would be applicable at lower altitudes (higher densities)
because the slope of the. (02) (02)0 curve increases as the origin is

approached, and the increased rate of dissociation mey compensate for
the increased rate of recambination that i due to the increased density.

The tentative tables for the upper ‘atmosphere (ref. 20) show & change
in the composition of air &t high altitudes due to the dissociation of
oxygen by soler radistion. The tables show complete dissociation of oxy-
gen at altitudes asbove 100 kilometers in the day and sbove 120 kilometers
at night, and partial dissociation down to 80 kilometers in the day and
105 kilometers st night. The present results should, therefore, not be
expected to epply at altitudes high enough that a significantly large
portion of the oxygen is originally in a dissociated state.

Figure 1 can be used to determine the distance behind the shock
wvave at which a moderate or a large portion of the oxygen 1s dissociated.

For exemple, &t & Mach mumber of 10 with (0p) t = 6.4 X 10™, the time t
is 0.15 second for an altitude of 70,000 meters. For a local velocity

of gbout 4 X lOLL cm/sec, the corresponding distance is about 5,000 centi-
meters. On the other hand, at a Mach number of 14 with (02)0 = 1 X 102,

the value of t . 1s 3 X 10‘6 second for ad altitude of 35,000 meters. For

a velocity of about 5 x 10V em/sec, the corresponding distance is 0.15 centi-
meter. ' These distances are, of course, in the undisturbed main stream
behind a normal shock wave. -
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Figure 2 shows that the dissoclation of nitrogen is very slow (com-
pared with that of oxygen), and table III shows that apprecisble disso-
clation of nitrogen occurs only at very small densities. For small den-
sitles, however, the time for apprecisble dissociation to occur is large
(compared with the length of a vehicle divided by the velocity of the air
behind the shock wave). These facts fairly well establish (within the
assumptions used in the present calculastions) that the dissociation of
nitrogen for flight at Mach numbers less than 14 et asny altitude cannot .
proceed far enough to cause any significant effect on the properties of
alr and, therefore, will not produce any significant aerodynamic effect
within the length of any conceivable vehicle.l (Referring to the entire
length of a vehicle is being conservative, as expansions eround corners
would reduce the alr temperature, the rate of dissociation, and the equi-
librium degree of dissociation. Use of 300 K probebly is also conserva-
tive, as ref. 21 shows measured values considerably below that. )} This

result is substantiated by the following examples: For. (OEQOt = 6.4 x 1016
in figure 2, at the limiting altitude of 90,000 meters, (02)0 =3.5X 1014
and, therefore, +t = 180 seconds. Even for (02)0t = 0.064 X 1016,

= 1.8 seconds. Inassmuch as u =5 X th cm/sec, the corresponding

distance behind the shock wave ig 9 X lOu centimeters. At higher slti-
tudes (higher than the limiting altitude) where (02)0 is smaller, t

is greater. At lower altitudes, the results at (02)0t = 6.4 X 1016 do
not apply, but those at smaller values of (02)0t mey apply. Consider,

for exsmple, (Og)ot = 0.2 x 1016, (Below this value the degree of disso-

ciation is certainly too smell to have any important serodynamic signifi-
cance.) The results will be applied at the lowest altitude for which the
recambination rate is not too large. In the bottam row of teble III for

nitrogen, the limiting value of (02)0 1s determined to be k.h x 1016,

Therefore, = 0.04 second and tu = 2 X 107 centimeters. To recapltu-
late, at high end low altitudes the dissociation of nitrogen is too slow

at Mach numbers less than 14 for a significent degree of dissociation to

occur within the length of a wvehicle.

One other condition for the dissociation of nitrogen should be consid-
ered. For flights at altiftudes where the oxygen is campletely dissoci-
ated by the sun's radiation (100,000 meters and sbove in the dsytime),
the dissociation of nitrogen will not be preceded by the thermal dissoci-
atlon of oxygen (which causes a large drop in tempersture) and, therefore,
will occur st a higher temperature and st a greater rate. A simple

lIt should be stressed that this result does not necessarily apply
for the slower flow in the boundary layer.
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approximate calculation is made here to determine whether the rate is
sufficiently increased that a significant degree of dissociation can
occur within the length of a vehlcle. The only change in the rate will
be that due to increased temperature, because in both cases complete

dissoclation of oxygen occurs before the dissociation of nitrogen begins.

The rate will, therefore, be increased by the product of the ratio of
the square roots of the temperatures and the ratio of the Bolibzmann fac-
. tors. In one cese, the initial temperature is Tz (equal to 8,857° K),

and, in the other, is T, (equal to 6,640° K}. The initial rate is,
therefore, increased by a factor of 142. The smallest value of (02)0t

that is consistent wlth a reasonable degree of dlssociation is about

0.2 X 1016 in figure 2. With the new rate, this value becomes approxi-
metely 1.4 x 1013. At the lowest altitude (100,000 meters), the time is
smallest (0.16 second). If u =5 X 10% em/sec, this time corresponds
to & distance of sbout 8 X 10° centimeters.

CONCLUDING REMARKS

The present calculatlons of the rate of dissociation of alr have
been baged on svalleble theory and avelleble experimental results with
other gases. The results of the calculations represent an extension of
Bethe and Teller's work in that the present results follow the dis-
soclation process from its initiation to the approach to equilibrium
and in that they apply to a range of demsitles. The results show that
the distance behind a normal shock wave required for a moderately large
fraction of the oxygen to dissociate varies widely with Mach number and
density, from approximately hundreds of meters to a fraction of a milli-
meter.  The distance required for a significant portion of the nitrogen
to diesociate (outside the boundary lsyer) is shown to be greater then
the length of a vehicle at any density and at any Mach number less than
1. '

Lengley Aeronautical ILaboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., Janusry 3, 1956.
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TABLE I.- COMPARISON OF EQUILIBRIUM CONSTANTS

35

K
D
Tempegaturg (from ratio of rate | (from ref. 17, Ratiofof velues
K constents), atm corrected), atm of XK
Oxygen
4,000 0.2576 2.182 0.118
4,500 1.506 12.21 .123
5,000 6.270 48.42 .129
5,500 20.32 149.8 .136
6,000 54 .49 384.8 A2
7,000 261.5 1,706 153
8,000 863.2 5,258 .164
Nitrogen

4,000 3.285 x 10~7 5.087 x 10~0 0.106
4,500 8.609 x 1070 7.936 X 1070 .109
5,000 1.187 x 10~* 1.077 X 1072 .110
5,500 1.025 X 10™2 9.198 x 107 111
6,000 6.229 x 10~ 5.551L X 10~2 112
7,000 1.080 x 1071 9.629 x 107+ .112
8,000 9.340 x 10™1 8.503 .110




TABLE II.- CORDLITONS AT VARTOUB STATIORS

Tl-’ uj. Tp L2 T}r us, '-'Hp Uk, v
ox Nia,1 m/."e o |Ma.e m/s;c P2/PL(Pa/P1 || of L D] ‘_/Zec P3/P2[P3/P2 | of Do, b an/sec oy /05 |2 /o3 Hu/ﬁ;
I
s00| 10 [3.5x 105 || 6,116[0.35 |6.1 x 1% 5.7 | 116 |[n,622| 0.3u|B.% x 14| 1.b [1.06 N RN PR —
. I : : ‘
s00| 12 [u.2! 8,683] .30 [7.3 5.8 | 168 [|6,564] .%[5.2 Lh [1.06 |[&,100[0.32 |3.8 x 1w0*[1.37 [1.03 | o©.83
300] 1b |4.9 11,716 38 |81 5.8 | 228 ||8,857| .3|6.1 1.k [1.06 {6,4k0| .30 |s.2 1.18 .03 .83
EABLE TIT.- DETERMINATION OF LIMITING ATTTTUDE
. B Rate of. Bate of Tdmiting valne Bate of dmiting init: Iimiting free Imiting altituds,
a1 (OE)O Aissoeiation recosbination of (02. o recombioetion| demaity, pg, o) dcosliy, pl,m m‘barﬂs
tygen
1 (6.5 x 10%16.8x 10717 [Lhx 1P x (05) | 5x 2% | 7.0x 20728 1.1 x 1076 1.k x 10°T 70,000
12 |6 x 200328 x 107 [6.8x 10 x (0z),| bBx 0¥ |27x1006 9.1 x 106 1.1 x 106 18,500
o [hox 10%2|a.9x w07 o x 1033 x {oz),| 3x 1007 | 2.8x 1071 6.8 % 109 8.k x 1076 35,000
Mitrogen
W (6% x 20)4.6 x 10718 [1.3% 10733 x (0g),| 3.5 % 0™ | b.6x 20010 7.8 x 1078 9.8 x 109 90,000
% [o.2x 10%]6.2% 10717 |14 x w0 x (og) | Bk x 2085 | 6.2x 10718 1.0 % 1073 1.3 % 1076 §7,000
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Figure l.- Dissociation of oxygen 1n air behind a normzl shock wave.
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